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Carboxylic acid is one of the most important organic molecules, since these structures 
are found in a variety of natural and biochemical compounds such as an amino acid, a 




















Although the conversion of carboxylic group in carboxylic acid to ester or amide is 
ready, the reaction involving decarboxylation of carboxylic acid usually requires 
expensive metals such as Pd, high pressure, heating, and strong acids. For example, it is 
known that the decarboxylative cross-coupling of aryl carboxylic acids to aryl halides 
catalyzed by transition metals such as Cu, Pd, Ag, and Rh with heating [1] (Scheme 1). 
This cross-coupling via the decarboxylation affords asynmetric biphenyl derivatives; 
however, substrate in this method is limited to aryl carboxylic acids, and the expensive 













On the other hand, this transformation under more mild conditions is performed by a 
radical method such as Kolbe electrolysis [2] and Barton decarboxylation [3]. Kolbe 
electrolysis involves the anodic oxidation of a carboxylate ion in which alkyl radicals 
are formed via the decarboxylation of carboxy radicals have been successfully utilized 
for C-C bond formation; however, this method is limited to produce the dimer or 




















The most efficient method is Barton decarboxylation involving the formation of 
alkyl radicals by homolysis of the thiohydroxamic esters (Barton esters) under either 
thermal or photochemical conditions (Scheme 3). The generated radical via the 




















 Moreover, decarboxylative halogenation of carboxylic acid and decarboxylative 
intermolecular radical addition of carboxylic acid to electron-deficient alkene are 
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demonstrated by this method (Scheme 4). One limitation of this approach stems from 
the fact that esterification of carboxylic acids is required in order to produce the 



















However, although being powerful, these synthetic methodologies suffer from one 
or more disadvantages associated with the use and/or production of potentially 
environmentally unfriendly substances and less than mild reaction conditions. 
Photoinduced electron transfer (PET) provides alternative methods for the radical 
decarboxylation of carboxylic acid, since light is a clean and powerful “reagent”. The 
PET of free carboxylic acids with electron acceptors such as 1-cyanonaphthalene, 
1,4-dicyanonaphthalene, and 1,2,4,5-tetracyanobenzene generates the alkyl radical via 
decarboxylation [4]. However, the substrate and product are limited, and the product 


























In particular, the intramolecular radical cyclization of carboxyl group having 
phthalimide via PET-promoted decarboxylation provides the tricyclic product [5] 
(Scheme 6). While the reactions of the phthalimide derivatives take place efficiently 



























 Thus, the method for generating alkyl radicals from free carboxylic acids is still 
desirable. Yoshimi and co-workers have recently reported that the decarboxylation of 
carboxylic acids by the photogenerated radical cation of phenanthrene (Phen) in a 
redox-photosensitized reaction system [6] produced alkyl radicals (Scheme 7). This 
process is promoted by a single electron transfer (SET) from the carboxylate ion to the 
radical cation of Phen formed by PET with 1,4-dicyanobenzene (1,4-DCB). It leads to 
the formation of the carboxy radical, which is then decarboxylated to produce the alkyl 
radical. The generated alkyl radicals react with the thiol and the radical anion of 
1,4-DCB to yield the reduction [7] and substitution products [8], respectively. Thus, 
this photoreaction was proven to provide an efficient method for generating alkyl 






























These earlier observation led the author to investigate the C-C bond formation by 
inter- and intramolecular radical addition of carboxylic acids to alkenes or imines via 
this photochemical decarboxylation. The results are described in this dissertation 
consists on general introduction, four chapters, and conclusion. 
Chapter 1 deals with intermolecular additions of alkyl radicals, generated by 
decarboxylation of carboxylic acids promoted by PET, to electron-deficient alkenes. 
Photodecarboxylative intermolecular addition of N-Boc -amino acids to 
electron-deficient alkenes gave N-Boc -amino acid derivatives. Moreover, I 
investigated the effects of solvent, electron acceptor, and arene on the photochemical 
decarboxylation. 
Chapter 2 deals with decarboxylative radical addition of N-Boc -amino acids to 
acrylonitrile by the excitation of 1,4-dicyanonaphthalene. The photoreaction in the 
presence of a catalytic amount of 1,4-dicyanonaphthalene was achieved in the place of 
redox-photosensitized reaction system. 
 Chapter 3 deals with the PET-promoted intramolecular radical cyclization of 
carboxylic acids tethered electron-deficient alkene via photochemical decarboxylation. 
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The PET-promoted decarboxylation of carboxylic acids tethered ,-unsaturated 
carbonyl compounds yielded macrocyclic lactone, lactam, and ketone in good yield. In 
addition, macrocyclic lactone, lactam and ketone products can be prepared with desired 
ring sizes by using repetitive cycles of this method.  
Chapter 4 deals with radical addition to a glyoxylic oxime using an alkyl radical 
generated from a carboxylic acid via photochemical decarboxylation. The photoreaction 
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Intermolecular radical addition of carboxylic acids to 
electron-deficient alkenes via PET-promoted decarboxylation 
 
1.1 Introduction 
Intermolecular radical additions to alkenes serve as the basis for useful methods for 
C-C bond formation [1]. The use of decarboxylation reactions of carboxylic acid 
groups in amino acids as sources for key radical intermediates has also attractive great 
interest. Transformations involving both of these processes typically employ the 
Barton decarboxylation procedure to form alkyl radicals by homolysis of 
thiohydroxamic esters under either thermal or photochemical conditions [2]. One 
limitation of this approach stems from the fact that esterification of carboxylic acids is 
required in order to produce the thiohydroxamic ester precursors. Consequently, a 
technique that involves direct generation of alkyl radicals from carboxylic acids under 
mild conditions would make the approach more efficient. 
In a recent report, Yoshimi and co-workers described results which show that 
aliphatic carboxylic acids undergo decarboxylation to form alkyl free radicals when 
subjected to redox-photosensitized reaction conditions [3] employing phenanthrene 
(Phen) and 1,4-dicyanobenzene [4] (1,4-DCB). Alkyl radicals, formed in this manner, 
react by hydrogen atom transfer with a thiol [5] or by addition to the co-generated 
radical anion of 1,4-DCB to yield the respective reduction or substitution products [6]. 
These findings, which demonstrate that the SET photochemical route can be used to 
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efficiently generate alkyl radicals from aliphatic carboxylic acids under mild 
conditions, led me investigate a novel approach to intermolecular radical additions to 
alkenes. 
 
1.2 Results and Discussion 
1.2.1. Intermolecular radical addition of aliphatic carboxylic acids to 
electron-deficient alkenes via photochemical decarboxylation 
In an initial phase of the studies exploring the photoreactions between a variety of 
carboxylic acids and a variety of alkenes via decarboxylation, we observed that 
irradiation of an aqueous acetonitrile solution (CH3CN/H2O = 9:1), containing 
phenanthrene (Phen, 20 mM), 1,4-dicyanobenzene (DCB, 20 mM), secondary alkyl 
carboxylic acid 1a (20 mM), and acrylonitrile 2a (20 mM) with a 100-W high-pressure 
mercury lamp through a Pyrex filter (>280 nm) under an argon atomosphere for 6 h at 
room temperature, leads to formation of the adduct 3aa in 81 % yield along with near 
quantitative recovery (> 90%) of Phen and 1,4-DCB (Entry 1, Table 1). The use of 
other carboxylic acids such as primary and tertiary alkyl carboxylic acids 1b-c, and 
protected gulonic acid 1d instead of 1a also yielded the corresponding adducts 
3ba–3da in high or moderate yields (Entries 2-4). In the place of 2a, the use of 
electron-deficient alkenes such as ethyl acrylate 2b and phenyl vinyl sulphone 2c also 
yielded the corresponding adducts 3ab-3ac in moderate yields (Entries 5 and 6); 
however, electron rich alkenes such as allyl alcohol 2d and vinyl ethyl ether 2e resulted 
in no formation of adducts (Entries 7 and 8). Thus, the photodecarboxylative 
intermolecular radical addition of aliphatic carboxylic acids with a variety of 
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electron-deficient alkenes was achieved by this redox-photosensitized reaction system.  
Table 1. Intermolecular radical addition of 1 to 2 via SET-photochemical decarboxylation.
a 
X
Phen (20 mM), 1,4-DCB (20 mM)
CH3CN/H2O=9:1




















R CO2H R X
Alkene 2
1a; CO2H








1a 2b; X = CO2Et
2c; X = SO2Ph
2d; X = CH2OH
2e; X = OEt
aThe photoreaction was carried out with Phen (1.2 mmol), DCB (1.2 mmol),
1 (1.2 mmol), and 2 (1.2 mmol) in aqueous CH3CN solution (CH3CN 54 ml,
H2O 6 ml) using a 100-W high-pressure mercury lamp under argon
atmosphere for 6 h. bIsolated yield.  
 
1.2.2. Intermolecular radical addition of N-Boc -amino acids to 
electron-deficient alkenes via photochemical decarboxylation 
 Photodecarboxylative radical addition reactions between N-Boc -amino acids (Boc 
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= t-butoxycarbonyl) and a variety of electron-deficient alkenes were examined (Table 
2). Irradiation of an aqueous acetonitrile solution (CH3CN/H2O = 9:1) containing Phen 
(20 mM), 1,4-DCB (20 mM), N-Boc-L-valine 4a (20 mM), and 2a (20 mM) with a 
100-W high-pressure mercury lamp through a Pyrex filter ( > 280 nm) under an argon 
atmosphere for 6 h at room temperature was found to promote formation of the adduct 
5aa as a racemic mixture in 85% yield (Entry 1, Table 2). This reaction proceeds 
smoothly and only one equivalent of 2a is required. The presence of one equivalent of 
NaOH in the photoreaction mixture accelerates the reaction. In this case, a similar 
yield of 5aa is obtained even when a shorter irradiation time (3 h) is employed. Other 
electron-deficient alkenes, such as ethyl acrylate 2b, phenyl vinyl sulphone 2c, and 
acrylic acid 2f participate in this process to yield the corresponding adducts 5ab, 5ac 
and 5af in moderate yields (Entries 2-4). However, no adducts are formed when 
electron-rich alkenes, such as ethyl vinyl ether and allyl alcohol, are used. Importantly, 
moderate to good yields of adducts are obtained when other amino acids, including 
N-Boc-L-phenylalanine 4b, N-Boc-L-serine 4c, and N-Boc-L-proline 4d are subjected 
to the photoreaction conditions in the presence of the electron-deficient alkenes 2a-c, 
2f (entries 5-13). It is important to point out that the adduct formation takes place 
smoothly even with the unprotected hydroxyl group containing serine derivative 4c 
(Entries 8-10). Also noteworthy is the fact that the photoreactions of 4a-d with acrylic 
acid 2f for 8 h give the corresponding N-Boc -amino acids (Entries 4, 7, 10 and 13). 
This finding suggests that the difference between the pKa values of the starting N-Boc 
-amino acids 4a-d and the product -amino acids 5af, 5bf, 5cf, and 5df is sufficiently 



















2a; X = CN
2b; X = CO2CH2CH3
2f; X = CO2H
2c; X = SO2Ph
 











4a; R = CH(CH3)2 2a 5aa (85)
2b 5ab (41)
2f 5af  (57)
2c 5ac (60)
2a 5ba (83)
6 2b 5bb (48)
7
c 2f 5bf  (43)
8 2a 5ca (74)
9 2b 5cb (36)
10
c 2f 5cf  (60)
11 2a 5da (88)
12 2b 5db (57)
13
c 2f 5df  (52)
a
The photoreaction was carried out with Phen (1.2 mmol), DCB (1.2 mmol), 
4 (1.2 mmol), and 2 (1.2 mmol) in aqueous CH3CN solution (CH3CN 54 ml, 
H2O 6 ml)  using a 100-W high-pressure mercury lamp under argon 




Irradiation time is 8 h. 
d
In the presence 
of 1 equiv. NaOH.
N-Boc-L-valine
4b; R = CH2Ph
N-Boc-L-phenylalanine









Overall, the results show that a variety of N-Boc -amino acids can be prepared 
directly by reactions between N-Boc -amino acids and acrylic acid. 
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1.2.3. Influence of solvent on photochemical decarboxylation of N-Boc-L-valine 4a 
via PET 
Next, photodecarboxylative addition of 4a to 2a in a variety of solvents was 
examined, as shown in Table 2. Excitation under an argon atmosphere of aqueous 
acetonitrile solutions (CH3CN/H2O = 9:1) containing 4a, 2a, Phen, and 1,4-DCB 
proceeded smoothly to give 5aa in 85% yield (Entry 1, Table 3).  
 













































The use of dry acetonitrile, DMF, methanol, and DMSO in place of aqueous 
acetonitrile as a solvent decreased the yield of 5aa (Entries 2–5), and less polar 
solvents such as 1,4-dioxane, THF, and benzene failed to produce the adduct 5aa, with 
near-quantitative recovery of 4a (Entries 6–8). Thus, the photochemical 
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decarboxylation required a polar medium for forming the radical cation of Phen, and a 
higher yield of 5aa was observed in aqueous acetonitrile. 
1.2.4 Influence of electron acceptor and arene on photochemical decarboxylation 
of N-Boc-L-valine 4a via PET 
Next, the photoreaction of 4a with 2a was examined using various electron 
acceptors and arenes (Table 4). Photodecarboxylation with 1,2-dicyanobenzene 
(1,2-DCB), 1,3-dicyanobenzene (1,3-DCB), methyl 4-cyanobenzoate, or 
1,4-dicyanonaphthalene (1,4-DCN) as an electron acceptor in the presence of Phen 
occurred readily in aqueous acetonitrile (Entries 1–4). In the case of methyl 
4-cyanobenzoate, its low ability as an electron acceptor caused a decrease in the yield 
of 5aa (Entry 3). When a variety of arenes such as naphthalene, 1-methylnaphthalene, 
and biphenyl were used with 1,4-DCB, the adduct 5aa was also obtained in a yield 
similar to that obtained with Phen and 1,4-DCB (Entries 5–7); however, the use of 
pyrene (Entry 8) did not produce 5aa. This result indicated that a lower oxidation 
potential of the arene than that of the carboxylate ion resulted in no occurrence of 
SET between the radical cation of the arene and the carboxylate ion. In fact, the 
oxidation potential of an aliphatic carboxylate ion such as the hexanoate ion (1.16 V 
vs. SCE in acetonitrile) [7] is similar to that of pyrene (1.16 V vs. SCE in 
acetonitrile), yet the radical cation of pyrene did not oxidize the carboxylate ion in 
acetonitrile [8]. Thus, the decarboxylation was dependent on the oxidation potential of 
the arene. Similar photoreactions using arenes in the presence of 1,4-DCN also led to 
the formation of the adduct 5aa in a yield similar to that obtained with Phen and 
1,4-DCN (Entries 9–11), except in the case of pyrene (Entry 12). The use of 1,4-DCN 
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as an electron acceptor led to the competitive absorption of arene and 1,4-DCN at 313 
nm; however, the yield of 5aa similar to that obtained with 1,4-DCB was observed. It 
is noteworthy that the yield of 5aa was improved by using biphenyl and 1,4-DCN 
(Entry 11). 
 
Table 4. Influence of electron acceptor and arene on photoreaction of 4a and 2a via 
decarboxylation in aqueous acetonitrile. 
Arene (20 mM),
h
5aa4a (20 mM) + 2a (20 mM)
CH3CN/H2O = 9:1

























aOxidation potentials vs. SCE in acetonitrile. Values compiled in Murov, S. L.; Carmichael, I.;




















 The other arenes such as triphenylene and chrysene did not dissolve in aqueous 
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acetonitrile, but dissolved in DMF, which led us to investigate the photoreaction using 
arenes with 1,4-DCB or 1,4-DCN in DMF. Table 5 shows that the photoreaction of 4a 
using triphenylene and chrysene in the presence of 1,4-DCB in DMF proceeded 
(Entries 1 and 2), and, in the case of chrysene, a high yield of 5aa was observed (Entry 
2). The use of naphthalene and 1-methylnaphthalene slightly decreased the yield of 5aa, 
compared with that obtained in aqueous acetonitrile (Entries 3 and 4). In particular, the 
use of biphenyl resulted in a low yield of 5aa (Entry 5).  
Table 5. Influence of electron acceptor and arene on photoreaction of 4a and 2a via 




5aa4a (20 mM) + 2a (20 mM)







































aOxidation potentials vs. SCE in acetonitrile. Values compiled in Murov, S. L.; Carmichael,








As reported earlier [9], the photoexcited 1,4-DCB reacted with DMF to yield a 
substituted product. The higher absorption of chrysene than 1,4-DCB at 313 nm 
prevented the photoreaction of 1,4-DCB with DMF to produce a higher yield of 5aa; 
however, absorption of biphenyl did not occur at 313 nm, which produce excited state 
of 1,4-DCB, and this led to a low yield of 5aa. Interestingly, the use of pyrene yielded 
the adduct 5aa in the presence of 1,4-DCB or 1,4-DCN in DMF (Entries 6 and 12), in 
contrast to the results obtained in aqueous acetonitrile. This indicates that the 
DMF-induced increase and decrease, respectively, of the oxidation potentials for 
pyrene and the carboxylate ion of 4a caused the SET between the radical cation of 
pyrene and the carboxylate ion of 4a to form the radical via decarboxylation. On the 
other hand, the use of 1,4-DCN in DMF significantly decreased the yield of 5aa 
(Entries 7–11), except in the case of chrysene. In addition, the recovery of 1,4-DCN 
was very low (10–30%). Thus, decarboxylation was influenced by the arene, electron 
acceptor, and solvent. 
 
1.2.5. Plausible mechanism for photodecarboxylative radical addition of 
carboxylic acids to electron-deficient alkenes 
Scheme 8 shows a plausible mechanism for this photoreaction. Initially, 
decarboxylation of carboxylate ions, induced by the photogenerated cation radical of 
arene, produces alkyl radicals 6 that react with electron deficient alkenes to produce 
adduct radicals 7. The processes are terminated by SET from the anion radical of 
electron acceptor, formed in the initial SET event, to the adduct radicals 7 to produce 


































In conclusion, the results of this effort demonstrate that alkyl free radicals, generated 
from carboxylic acids via a photochemically promoted SET-decarboxylation pathway, 
undergo intermolecular additions to electron-deficient alkenes. The photoreactions 
proceed under mild conditions to generate N-Boc -amino acids starting from N-Boc 
-amino acids. And we have found that several arenes and electron acceptors could be 
used in the SET-photochemical decarboxylation of carboxylic acids. The photoreaction 
proceeded smoothly in a polar solvent and was highly dependent on the oxidation 
potential of the arenes used. The highest yield of 5aa was achieved by using biphenyl 





1.4. Experimental Section 
1.4.1. General 
The melting point was measured on a hot stage apparatus and is uncorrected. IR 




C NMR was recorded on JEOL 
JNM-AL500 (500 and 125 MHz) spectrometers and for solutions in CDCl3 containing 
tetramethylsilane as an internal standard. High resolution mass spectra (HRMS) were 
obtained on JEOL JMS-700T. The light source was Riko UV-100HA 100-W 
high-pressure mercury arc. 
 
1.4.2. General procedure for the intermolecular radical additions via 
photochemical decarboxylation 
 An aqueous CH3CN solution (CH3CN 54 ml, H2O 6 ml) of carboxylic acid 1 or 4 (1.2 
mmol, 20 mM), arene (1.2 mmol, 20 mM) and electron acceptor (1.2 mmol, 20 mM) in 
four Pyrex vessels (18 mm x 180 mm) was purged with argon for 10 min and added by 
alkene 2 (1.2 mmol, 20 mM) under argon atmosphere. The mixture was irradiated with 
a 100-W high-pressure mercury lamp for 6 h. Then the solvent was evaporated, and the 
resulting residue was dissolved in EtOAc and washed with water, dried over Na2SO4, 
and concentrated under reduced pressure to yield the adduct 3 or 5. These products 
were isolated by column chromatography on silica gel using hexane and EtOAc as 






1.4.3. Characterization data 
BocHN CN
  5aa: m.p. 76 
o
C; IR (KBr, cm
-1
) 3383, 2964, 2249, 1680, 1512; 
1
H 
NMR (500 MHz, CDCl3) 4.34 (d (br), 0.75H), 4.03 (s (br), 0.10H), 3.48-3.43 (m, 
1H), 2.46-2.34 (m, 2H), 1.91 (m, 1H), 1.71 (m, 1H), 1.62 (m, 1H), 1.44 (s, 9H), 
0.94-0.90 (m, 6H); 
13
C NMR (125 MHz, CDCl3) 
28.3, 19.1, 17.8, 14.6; HRMS (FAB) calcd for (M+H)
+




  5ab: IR (KBr, cm
-1
) 3362, 2965, 1714, 1695, 1518; 
1
H NMR 
(500 MHz, CDCl3)  J=7.0 Hz, 2H), 3.46-3.40 (m, 1H), 
2.34 (d, J=8.4 Hz, 2H), 1.83 (m, 1H), 1.70 (m, 1H), 1.58 (m, 1H), 1.43 (s, 9H), 1.25 (t, 
J=7.0 Hz, 3H), 0.91-0.86 (m, 6H); 
13
C NMR (125 MHz, CDCl3)  8, 155.9, 78.9, 
60.4, 55.3, 32.5, 31.4, 28.4, 27.5, 18.9, 17.8, 14.2; HRMS (FAB) calcd for (M+H)
+
 
C14H28NO4: 274.2019, found: 274.2035. 
 
BocHN SO2Ph
  5ac: IR (KBr, cm
-1
) 3446, 3377, 2965, 1687, 1513; 
1
H NMR (500 
MHz, CDCl3)  J=7.8 Hz, 2H), 7.67 (m, 1H), 7.58 (m, 2H), 4.32 (d (br), 0.8H), 
3.41 (m, 1H), 3.15 (t, J=8.0 Hz, 2H), 1.92 (m, 1H), 1.72-1.60 (m, 2H), 1.43 (s, 9H), 
0.89-0.86 (m, 6H); 
13
C NMR (125 MHz, CDCl3) 
79.6, 54.6, 54.0, 32.7, 28.4, 25.7, 19.1, 17.7; HRMS (FAB) calcd for (M+H)
+
 





  5af: IR (KBr, cm
-1
) 3383, 2963, 1708, 1682, 1518; 
1
H NMR (500 
MHz, CDCl3)  -3.43 (m, 1H), 2.46-2.36 
(m, 2H), 1.83 (m, 1H), 1.71 (m, 1H), 1.58 (m, 1H), 1.4-1.43 (m, 9H), 0.92-0.88 (m, 
6H); 
13
C NMR (125 MHz, CDCl3) 
32.8, 32.5, 31.3, 31.2, 28.3, 28.3, 27.7, 19.2, 19.0, 17.7, 17.6, 17.4; HRMS (FAB) 
calcd for (M+H)
+
 C12H24NO4: 246.1706, found: 246.1661. 
 
BocHN CN
  5ba: m.p. 100 
o
C; IR (KBr, cm
-1
) 3373, 2977, 2242, 1687, 1504; 
1
H 
NMR (500 MHz, CDCl3)  -7.15 (m, 5H), 4.44 (s (br), 1H), 3.88-3.82 (m, 1H), 
2.84-2.70 (m, 2H), 2.44-2.31 (m, 2H), 1.91 (m, 1H), 1.69 (m, 1H), 1.40 (s, 9H); 
13
C 
NMR (125 MHz, CDCl3) 155.4, 137.0, 129.2, 128.6, 126.8, 119.5, 79.7, 51.1, 41.3, 
30.5, 28.9, 14.1; HRMS (FAB) calcd for (M+H)
+




  5bb: IR (KBr, cm
-1
) 3365, 2979, 1733, 1687, 1522; 
1
H NMR 
(500 MHz, CD3OD)  -7.14 (m, 5H), 6.44 (d (br), 0.4H), 4.08 (q, J=7.0 Hz, 2H), 
3.76-3.70 (m, 1H), 2.71 (d, J=7.4 Hz, 2H), 2.36-2.27 (m, 2H), 1.86-1.80 (m, 1H), 
1.63-1.56 (m, 1H), 1.35 (s, 9H), 1.21 (t, J=7.0 Hz, 3H); 
13
C NMR (125 MHz, CDCl3) 
 8, 61.4, 52.8, 42.6, 31.9, 30.7, 28.7, 
28.4, 14.5; HRMS (FAB) calcd for (M+H)
+






 5bf: IR (KBr, cm
-1
) 3362, 2979, 1709, 1687, 1526; 
1
H NMR (500 
MHz, CDCl3)  -7.13 (m, 5H), 5.88 (s (br), 0.25H), 4.47 (s (br), 0.5H), 3.88-3.73 
(m, 1H), 2.79-2.72 (m, 2H), 2.43-2.34 (m, 2H), 1.87 (m, 1H), 1.62 (m, 1H), 1.38 (s, 
9H); 
13
C NMR (125 MHz, CDCl3) 
126.3, 80.5, 79.4, 53.3, 51.2, 42.4, 41.6, 30.9, 29.6, 29.3, 28.2, 28.2, 27.9, 14.1; HRMS 
(FAB) calcd for (M+H)
+
 C16H24NO4: 294.1706, found: 294.1718. 
 
BocHN CN
HO   5ca: IR (KBr, cm
-1
) 3427, 3361, 2982, 2244, 1685, 1518; 
1
H NMR 
(500 MHz, CDCl3)  -5.08 (m, 1H), 3.63-3.55 (m, 3H), 3.36 (s (br), 1H), 2.42-2.34 
(m, 2H), 1.87 (m, 1H), 1.79-1.71 (m, 1H), 1.40 (s, 9H); 
13
C NMR (125 MHz, CDCl3) 
 + 
C10H19N2O3: 215.1396, found: 215.1419. 
 
BocHN CO2CH2CH3
HO   5cb: IR (KBr, cm
-1
) 3427, 3361, 2982, 1741, 1683, 1522; 
1
H 
NMR (500 MHz, CDCl3)  J=7.0 Hz, 2H), 3.64-3.54 (m, 3H), 
2.44-2.35 (m, 2H), 1.92-1.84 (m, 1H), 1.82-1.75 (m, 1H), 1.43 (s, 9H), 1.26 (t, J=7.0 
Hz, 3H); 
13
C NMR (125 MHz, CDCl3) 
60.5, 52.3, 31.8, 31.7, 30.9, 28.3, 26.3, 14.2; HRMS (FAB) calcd for (M+H)
+
 





HO   5cf: IR (neat, cm
-1
) 3361, 2965, 1741, 1683, 1527; 
1
H NMR (500 
MHz, CDCl3) 5.37-5.36 (m, 0.48H), 4.37 (m, 0.47H), 3.68 (s, 1H), 3.66-3.53 (m, 3H), 
2.44-2.40 (m, 2H), 1.88 (m, 1H), 1.78 (m, 1H), 1.44 (s, 9H); HRMS (FAB) calcd for 
(M+H)
+





  5da: IR (neat, cm
-1
) 3353, 2974, 2245, 1691, 1478; 
1
H NMR (500 MHz, 
CDCl3)  -3.29 (m, 2H), 2.40 (s (br), 2H), 2.00 (s (br), 2H), 1.86 
(s (br), 2H), 1.79-1.64 (m, 2H), 1.46 (s, 9H); 
13
C NMR (125 MHz, CDCl3) 154.6, 
154.1, 119.4, 119.1, 79.4, 78.9, 55.8, 46.2, 45.7, 30.1, 29.9, 28.0, 27.9, 23.3, 22.5, 13.9; 
HRMS (FAB) calcd for (M+H)
+





  5db: IR (neat, cm
-1
) 3381, 2975, 1736, 1693, 1478; 
1
H NMR 
(500 MHz, CDCl3)  J=7.0 Hz, 2H), 3.79 (s (br), 1H), 3.47-3.26 (m, 2H), 2.30 
(s (br), 2H), 1.93-1.62 (m, 6H), 1.46 (s, 9H), 1.25 (t, J=7.0 Hz, 3H); 
13
C NMR (125 
MHz, CDCl3) 
29.5, 28.4, 23.6, 22.9, 14.1; HRMS (FAB) calcd for (M+H)
+






  5df: IR (neat, cm
-1
) 3456, 3207, 2974, 1735, 1694, 1478; 
1
H NMR 
(500 MHz, CDCl3)  -3.78 (m, 1H), 3.34-3.20 (m, 2H), 2.27 (m, 2H), 1.87-1.76 (m, 
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4H), 1.65-1.57 (m, 2H), 1.43 (s, 9H); 
13
C NMR (125 MHz, CDCl3) 
155.2, 154.7, 79.5, 56.3, 56.2, 46.4, 45.9, 31.4, 30.8, 30.5, 30.1, 29.6, 29.4, 28.3, 23.4, 
22.8; HRMS (FAB) calcd for (M+H)
+
 C12H22NO4: 244.1550, found: 244.1580. 
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Decarboxylative radical addition of N-Boc -amino acids to 
acrylonitrile using 1,4-dicyanonaphthalene via PET 
 
2.1. Introduction 
In chapter 1, the author described the intermolecular radical addition of N-Boc amino 
acids to electron-deficient alkenes via PET-promoted decarboxylation. In this chapter, 
the author will investigate a more simple photochemical decarboxylation of carboxylic 
acids by only use of dicyanoarenes as a photosensitizer.  
Although decarboxylation of aliphatic carboxylic acids by electron transfer between 
the excited state of dicyanoarenes and carboxylate ions have been reported [1] 










 In this chapter, we endeavored to investigate the decarboxylative radical addition of 
carboxylic acids such as N-Boc -amino acids to acrylonitrile only using 




2.2. Results and Discussion 
2.2.1. Photodecarboxylative radical addition of N-Boc-L-valine 4a to acrylonitrile 
2a using 1,4-dicyanonaphthalene 
The photodecarboxylative addition of 4a to 2a in a variety of dicyanoarenes was 
examined, as shown in Table 6. The excitation of an aqueous acetonitrile solution 
(CH3CN/H2O = 9:1) containing 1,4-DCN (20 mM), 4a (20 mM), and 2a (20 mM) with 
a 400-W high-pressure mercury lamp through a Pyrex filter (>280 nm) under an 
argon atmosphere for 6 h at room temperature afforded the adduct 5aa in 80% yield 
(Entry 1 in Table 6). By comparison, using only 1,4-DCN produced 5aa via 
decarboxylation in a yield similar to that obtained from our photoreaction using Phen 
and 1,4-DCB [2]; however, a longer irradiation time or a more powerful light source 
were required. It is noteworthy that a catalytic amount of 1,4-DCN (10, 5 mM) resulted 
in a similar product yield of 5aa for a long irradiation time (Entries 2 and 3). The use 
of 1,4-, 1,3-, and 1,2- DCB instead of 1,4-DCN did not afford 5aa (Entries 4-6). In the 
case of 1,4-DCB, the substituted cyanobenzene 9a was obtained in a low yield (8%, 
Entry 4). As previously reported by Itou and co-workers [3], these results could be 
attributed to the lower absorption of these dicyanobenzenes at 313 nm than that of 
1,4-DCN and to the reaction of the generated alkyl radical with the radical anion of 
1,4-DCB to produce 9a. The addition of one equivalent of NaOH to this solution 
accelerated the photoreaction, and an improved yield of 5aa was obtained, even for a 
shorter irradiation time (Entry 7), because the decarboxylation of a carboxylate ion is 
more efficient than that of the corresponding carboxylic acid. The photoreaction using 
the catalytic amount of 1,4-DCN in the presence of one equivalent of NaOH also led to 
a high yield of 5aa (Entry 8). Thus, 1,4-DCN was proved to serve as a photocatalyst in 
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the decarboxylative radical addition of carboxylic acids to alkenes. The adduct 5ba in 
the photoreaction of 4b to 2a was obtained under the same conditions (Entry 9); 
however, this resulted in a decreased yield of 5ba and the formation of by-products.  



















2a (20 mM) 5aa, 5ba
Entry Dicyanoarene Irradiation Time/h
+
9a
Product yield of 3/%a
1 1,4-DCN (20 mM) 6 80
2 1,4-DCN (10 mM) 18 72
3 1,4-DCN (5 mM) 36 75
4 1,4-DCB (20 mM) 18 0 (8)b
5 1,3-DCB (20 mM) 18 0
6 1,2-DCB (20 mM) 18 0
7c 1,4-DCN (20 mM) 3 92
8c 1,4-DCN (5 mM) 12 91





aIsolated yield. bThe value in parentheses is for the yield of 9a. cAddition of 1 equiv of NaOH.
 
2.2.2. Plausible mechanism 
The fluorescence of 1,4-DCN in the aqueous acetonitrile solution was efficiently 
quenched by the sodium salt of 4a, as shown in Figure 2, and the rate constant for 






 from the Stern-Volmer 
plot I0/I = 1 + kq[Q] (I0; fluorescence intensity of 1,4-DCN at 385 nm without the 
sodium salt of 4a, I; observed fluorescence intensity of 1,4-DCN at 385 nm with the 
sodium salt of 4a, = 10.1 ns [4]; fluorescence lifetime of 1,4-DCN, [Q]; concentration 
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of the sodium salt of 4a). This indicates that the PET from the carboxylate ion of 4a to 
the excited state of 1,4-DCN occurred smoothly. The Rehm-Weller equation [5] 
confirms that PET is an exothermic process, as indicated by the negative G value 
(–97.4 kJ mol–1, G = 96.49[E(D /D)–E(A/A )]–Es) that was calculated using the 
reduction potential (E(A/A ); –1.28 V vs. SCE in acetonitrile) [1] and excited singlet 






and the oxidation potential of the aliphatic 













0.83 x 10-3 M
1.67 x 10-3 M












Figure 2. (a) Fluorescence quenching of 1,4-DCN by sodium salt of 4a excited at 280 nm in 
aqueous acetonitrile solution. (b) Stern-Volmer plot for fluorescence quenching of 1,4-DCN by 
sodium salt of 4a. 
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On the basis of these results, we proposed a mechanism for this photoreaction 
(Scheme 10). PET from the carboxylate ion to the excited state of 1,4-DCN leads to the 
formation of the radical anion of 1,4-DCN and the carboxyl radical 10. The alkyl 
radical 6 formed through the decarboxylation of 10 reacts with 2a to produce the 
adduct radical 7. SET from the radical anion of 1,4-DCN and protonation yield the 
adduct 5. The fact that a high yield of 5 was obtained, even in the presence of only one 
equivalent of 2, can be explained as follows. The fast rate constants for the 
decarboxylation of the aliphatic carboxyl radical 10 [7] and for the addition of the 
electron-rich alkyl radical 6 to the electron-deficient alkene 2 [8] lead to the selective 
formation of 7. SET from the radical anion of 1,4-DCN to 7 occurs smoothly because 
of the high electron-deficient ability of 7 and the relatively long lifetime of the radical 


































In conclusion, I found that 1,4-DCN can work as a photochemical catalyst in the 
decarboxylative radical addition of N-Boc -amino acids to acrylonitrile. The highest 
yield of 5 was achieved by the addition of one equivalent of NaOH. 1,4-DCN is the 
only photosensitizer used in this photoreaction, and therefore, this is a simple method.  
 
2.4. Experimental Section 
2.4.1. General  





NMR spectra were recorded on a JEOL JNM-AL500 (500 and 125 MHz) spectrometer 
using solutions in CDCl3 containing tetramethylsilane as an internal standard. A 
high-resolution mass spectrum (HRMS) was obtained using a JEOL JMS-700T 
spectrometer. A Riko UV-400HA 400-W high-pressure mercury arc was employed as 
the light source. Dicyanoarenes were recrystallized from hexane and EtOAc. Column 
chromatography was conducted on a silica gel column (Wakogel C-200).  
 
2.4.2. General procedure for photoreaction of N-Boc-L-valine 4a to acrylonitrile 
2a 
An aqueous CH3CN solution (CH3CN 54 ml, H2O 6 ml) of 4a (1.2 mmol, 20 mM) 
and DCN (1.2 mmol, 20 mM) in four Pyrex vessels (18 mm × 180 mm) was purged 
with argon for 10 min, and to this was added 2a (1.2 mmol, 20 mM) under an argon 
atmosphere. The mixture was irradiated with the 400-W high-pressure mercury lamp 
for 6 h. The solvent was subsequently evaporated to yield the crude product. The 
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adduct 5aa was isolated by column chromatography on silica gel using hexane and 
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Radical cyclization based photochemical method for ring-expansion of 




In chapters 1 and 2, the author described intermolecular additions of alkyl radicals, 
generated by decarboxylation of carboxylic acids promoted by PET, to 
electron-deficient alkenes. In this chapter, the author will discuss about PET-promoted 
intramolecular radical cyclization of carboxylic acids tethered electron-deficient alkene 
to give macrocyclic compounds. 
Because they are found in a variety of natural products and synthetic 
pharmaceuticals, many of which have strong antibacterial and antitumor activities, 
macrocyclic lactones, lactams, and ketones are fundamental substances that have 
served as targets of organic and medicinal chemistry [1]. The efforts have uncovered a 
number of efficient methods for the synthesis of members of these macrocyclic 
families, including those that rely on transition metal catalyzed ring-closing 
methathesis [2], Yamaguchi macrolactonization [3], and AIBN/Bu3SnH promoted 
intramolecular radical cyclization [4]. However, although being powerful, these 
synthetic methodologies suffer from one or more disadvantages associated with the use 
and/or production of potentially environmentally unfriendly substances and less than 
mild reaction conditions.  
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These earlier observations of intermolecular radical addition to alkenes led us to 
propose that PET-promoted photoreactions of substrate containing linked carboxylic 
acids and ,-unsaturated carbonyl groups could be employed as part of concise 
sequences to prepare macrocyclic lactones, lactams, and ketones. Our new method 
provides a general process for ring-expansion of macrocyclic lactone and for 
conversion to macrocyclic lactam and ketone from macrocyclic lactone under a mild 
condition. 
3.2. Results and Discussion 
3.2.1. Synthesis of macrocyclic lactones by route involving PET-promoted 
cyclization of carboxylic acid tethered acrylate ester 
Initial studies directed at exploring the new PET-promoted cyclization strategy 
focused on the carboxylic acid tethered acrylate ester 13, which was prepared in 84 % 
yield starting from the 16-membered macrocyclic lactone 11 using the simple four-step 





















The sequence involves a ring opening reaction of 11 promoted by treatment with 
KOH followed by selective MOM protection of the carboxyl group to form alcohol 12 
(I). Esterification of 12 with acryloyl chloride followed by MOM deprotection gave 
the desired carboxylic acid tethered acrylate ester 13 (II).  
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aThe photoreaction of 13 was carried out in the presence of 1 equiv. of NaOH, arene
(20 mM), and electron acceptor (20 mM) using 100-W high-pressure mercury lamp
under an argon atmosphere for 6 h. bIsolated yield. cIn the absence of NaOH.
dIrradiation time was 12 h in the absence of NaOH. eConcentrations of Phen and 1,4-







Irradiation (100 W high-pressure mercury lamp, Pyrex filter ( > 280 nm), argon 
atmosphere, 6 h, room temperature) of an aqueous acetonitrile solution (CH3CN/H2O = 
9:1) containing Phen (20 mM), 1,4-DCB (20 mM), substrate 13 (1 mM), and NaOH (1 
mM) led to formation of the18-membered macrocyclic lactone 14 in 84 % yield (Entry 
1, Table 7). When NaOH, was absent from the photoreaction mixture, a prolong 
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irradiation time was required, suggesting that the carboxylate ion undergoes the 
PET-promoted decarboxylation process more efficiently than does the corresponding 
carboxylic acid (Entries 2 and 3). In addition, the utilization of higher concentrations 
of 13 (2, 3, 4, 5 mM) and 1 equiv. NaOH led to generation of 14 in lower yields (73, 
61, 51, 29 %) along with polymeric by-products (Entries 4-7). These findings suggest 
that higher concentrations of 13 enhance competitive, intermolecular radical addition 
reactions. The PET-promoted reactions of 14, using either lower concentrations of 
Phen and 1,4-DCB (1 mM) or other arenes, such as biphenyl, and electron acceptors, 



























































In order to demonstrate the utility of this two-carbon ring expansion protocol for the 
preparation of macrocyclic lactones, repetitive carboxylic acid tethered acrylate ester 
forming and PET-promoted cyclization reactions (I + II + III) were performed to 
transform the 18-membered macrocyclic lactone 14 to ring expanded 20-membered 
lactone 16 in a high yield (Scheme 12). Similarly, the respective 19- and 21-membered 
macrocyclic lactones 19 and 21 were prepared starting with the 17-membered 
macrocyclic lactone 17 through a repetitive ring-opening radical-cyclization sequence. 
The observation made in the studies described above show that macrocyclic lactones 
having desired ring sizes can be efficiently prepared by employing the novel 
photochemical radical cyclization protocol. 
 
3.2.2. Synthesis of macrocyclic lactams by routes involving PET-promoted 





















94 % 78 %
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The next phase of this investigation focused on applications of the general strategy 
to the synthesis of macrocyclic lactams. The key substrate 24, containing tethered 
carboxylic acid and acryl amide moieties, was prepared from macrocyclic lactone 11 
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by a route featuring a Staudinger and amidation reaction sequence shown in Scheme 
13. Accordingly, ring opening of 11 by treatment with KOH followed by methyl ester 
formation gave alcohol 22 (IV). Conversion of the hydroxyl group in 22 to the 
corresponding amine in 23 was performed by initial conversion to the mesylate 
followed by implementation of the Staudinger conditions (NaN3; Ph3P) (V). Amidation 
of 23 with acryloyl chloride followed by saponification of the methyl ester with NaOH 
gave the desired carboxylic acid tethered acryl amide substrate 24 (VI) in an overall (7 
steps, IV + V + VI) 68 % yield.  
 












































aThe photoreaction was carried out in the presence of 1 equiv. of NaOH, arenes
(20 mM), and electron acceptor (20 mM) using 100-W high-pressure mercury
lamp under an argon atmosphere for 6 h. bIsolated yield. cConcentrations of






The PET-promoted cyclization reaction was carried out by irradiation (see conditions 
above) of an aqueous acetonitrile solution (CH3CN/H2O = 9:1) of 24 (1 mM) 
containing NaOH (1 mM), Phen (20 mM), and 1,4-DCB (20 mM). This process 
smoothly generated the corresponding 18-membered macrocyclic lactam 25 in 78 % 
yield (Entry 1, Table 8). In a manner that is similar to the cyclization reactions of the 
corresponding carboxylic acid tethered acrylate ester substrate 13, lower yield of 25 
were obtained when higher concentrations of 24 (2, 3, 4 and 5 mM) were employed 
(Entries 2-4), but the efficiency of the process remained unchanged when either the 
biphenyl and 1,4-DCN combination (Entries 5-7) or lower concentrations of Phen and 
1,4-DCB (Entry 8) were utilized. Finally, employment of a similar ring-opening 
radical-cyclization sequence (IV-VI) led to transformation of the 18-membered 



















3.2.3. Synthesis of macrocyclic ketones by routes involving PET-promoted 
cyclization of carboxylic acid tethered -unsaturated ketones 
In order to expand the scope of the new method, an investigation was carried out to 
explore the synthesis of macrocyclic ketones from macrocyclic lactones. Alcohol 12 
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was prepared from macrocyclic lactone 11 by using the procedure shown in Scheme 11 
(I). PCC oxidation of 12 and subsequent Grignard reaction of the resulting aldehyde 
with vinylmagnesium bromide provided allyl alcohol 28 (VII). Oxidation of 28 with 
PCC followed by removal of the MOM protecting group gave the carboxylic acid 




























Irradiation (see above) of an aqueous acetonitrile solution (CH3CN/H2O = 9:1) of 29 
(1 mM) in the presence of NaOH (1 mM), Phen (20 mM), and 1,4-DCB (20 mM) gave 
rise to formation of the 16-membered macrocyclic ketone 30 in 52 % yield (Entry 1, 
Table 9). As observed before, when the photoreaction was carried out utilizing higher 
concentrations of 29 (2, 3 and 4 mM), the yield of 30 decreased (28, 16 and 13 %) 
(Entries 2-4). However, in contrast to photoreactions of 13 and 24, the use of 1,4-DCN 
instead of 1,4-DCB led to an improved yield of 30 (Entries 5-7), since 1,4-DCN acts as 
the better electron acceptor than 1,4-DCB. 
In a similar manner, the 18-membered macrocyclic ketone 29 was produced from 
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the 18-membered macrocyclic lactone 11 by using a seven-steps route involving the 
key PET-promoted cyclization process (Scheme 16).  



































aThe photoreaction was carried out in the presence of 1 equiv. of NaOH, arenes
(20 mM), and electron acceptor (20 mM) using 100-W high-pressure mercury
lamp under an argon atmosphere for 6 h. bIsolated yield. cConcentrations of
Biphenyl and 1,4-DCN were 1 mM.
h
CH3CN/H2O = 9:1











Biphenyl (20 mM), 1,4-DCN (20 mM),
NaOH (1 mM)
83%








3.2.4. A plausible mechanism for PET-promoted decarboxylative intramolecular 
radical cyclization 
 A plausible mechanism for the PET-promoted decarboxylative intramolecular radical 
cyclization reaction is shown in Scheme 17. Decarboxylation of the carboxylate ion 33 
through single-electron transfer with the photogenerated radical cation of Phen 
produced the alkyl radical 34. The use of biphenyl and 1,4-DCN led to formation of 
the radical cation of biphenyl via PET between the excited state of 1,4-DCN and 
biphenyl, and the radical cation of biphenyl also oxidized the carboxylate ion 33 to 
yield the radical 34 via decarboxylation. Intramolecular addition of the radical to 
-unsaturated carbonyl group in 34 leads to the formation of the -carbonyl radical 
35, which subsequently participates in back electron transfer (BET) with the radical 
anion of electron acceptor to yield the enolate ion precursor of the macrocyclic 
photoproduct. In the case of the photoreaction of the carboxylic acid tethered 
-unsaturated ketone 29 (X = CH2), 1,4-DCN serves as a better electron acceptor 
than 1,4-DCB (Table 3, Entries 1, 5-7). The reason for this is likely associated with the 
fact that BET from the longer-lived radical anion of 1,4-DCN [5] (compared to that of 
1,4-DCB) to the -carbonyl radical intermediate 36 occurs more efficiently.  
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 In summary, the study described above has led to the development of a general 
method for the preparation of macrocyclic lactones, lactams, and ketones that relies on 
cyclization reactions of radical intermediates derived by PET-promoted 
decarboxylation of carboxylic acids tethered ,-unsaturated carbonyl compounds. 
The results show that under dilute substrate conditions, these processes generate 
macrocyclic photoproducts in high yields. The yields of the macrocyclic lactone and 
lactam forming reactions are slightly dependent on the arene and electron acceptor 
employed to initiate the sequential SET pathway. The highest yield of the macrocyclic 
ketone forming reaction is achieved by using the biphenyl and 1,4-DCN combination. 
In addition, by utilizing this method, a 16-membered macrocyclic lactone can be 
converted to an 18-membered macrocyclic lactone or lactam, or 16-membered 
macrocyclic ketone, and an 18-membered macrocyclic lactone can be converted to 
20-membered macrocyclic lactone or lactam, or 18-membered macrocyclic ketone 
(Scheme 18). As a result, macrocyclic lactone, lactam and ketone products can be 






























3.4. Experimental Section 
3.4.1. General  
The melting point was measured on a hot stage apparatus and is uncorrected. IR 
spectra were recorded on JASCO FT/IR-620, and GC-MS spectra were obtained using 




C NMR was recorded on JEOL JNM-AL500 
(500 and 125 MHz) and JEOL JNM-AL300 (300 and 75 MHz) spectrometers and for 
solutions in CDCl3 containing tetramethylsilane as an internal standard. High 
resolution mass spectra (HRMS) were obtained on Shimadzu LCMS-IT-TOF 00060. 
The light source was Riko UV-100HA 100-W high-pressure mercury arc. All resulting 
solid was recrystallized from Et2O/hexane. 
3.4.2. General procedure for synthesis of macrocyclic lactones by route involving 
PET-promoted cyclization  
Preparation of methoxymethyl 15-hydroxypentadecanate (12) 
 Pentadecalactone 11 (4.81 g, 20 mmol) was added to a solution of KOH (1.68 g, 30 
mmol) in EtOH (80 ml), and the mixture was refluxed for 2 h. The mixture was 
evaporated, and the residue was added by hexane and filtered. The filtrate was dried in 
vacuo to afford the ring-opening potassium carboxylate as a white solid in a 
quantitative yield. 
1
H NMR (300 MHz, CD3OD)  3.52 (t, J=6.6 Hz, 2H), 2.13 (t, 
J=7.5 Hz, 2H), 1.58-1.49 (m, 4H), 1.28 (m, 20H).  
MOMCl (1.47 ml, 19.5 mmol) was added drop-wise to a solution of the potassium 
carboxylate (4.44 g, 15 mmol) and pyridine (8 ml) in DMF (80 ml) at 0 
o
C under argon 
atmosphere. The mixture was stirred overnight at room temperature, and then water 
(100 ml) was added. The product was extracted with EtOAc (30 ml x 3), and dried 
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over Na2SO4, and concentrated under reduced pressure. Purification by column 
chromatography on silica gel using hexane and EtOAc as eluents gave the alcohol 12 
as a white solid in 94% yield (4.27 g, 14.1 mmol). m.p. 57 
o





H NMR (300 MHz, CDCl3) 5.23 (s, 2H), 3.67-3.61 (m, 2H), 3.46 (s, 
3H), 2.35 (t, J=7.3 Hz, 2H), 1.64-1.56 (m, 4H), 1.25 (m, 20H); 
13
C NMR (75 MHz, 
CDCl3) 173.3, 90.2, 63.1, 57.6, 34.4, 32.8, 29.6, 29.5, 29.4, 29.3, 29.1, 25.7, 24.8; 
HRMS (ESI, m/z) calcd for (M+Na)
+
 C17H34NaO4: 325.2355, found: 325.2355. 
Preparation of 15-acryloxylpentadecanoic acid (13) 
 Acryloyl chloride (0.98 ml, 12 mmol) was added drop-wise to a solution of the 
alcohol 12 (3.03 g, 10 mmol) and Et3N (5 ml) in CH2Cl2 (50 ml) at 0 
o
C under argon 
atmosphere. The mixture was stirred for 2 h at room temperature, and water (50 ml) 
was added. The product was extracted with CH2Cl2 (30 ml x 2), and dried over Na2SO4, 
and concentrated under reduced pressure. Purification by column chromatography on 
silica gel using hexane and EtOAc as eluents gave desired MOM-protected compound 









H NMR (300 MHz, CDCl3)  6.37 (d, J=17.2 Hz, 1H), 6.09 (dd, J=17.2, 10.3 
Hz, 1H), 5.78 (d, J=10.3 Hz, 1H), 5.20 (s, 2H), 4.11 (t, J=6.8 Hz, 2H), 3.43 (s, 3H), 
2.32 (t, J=7.3 Hz, 2H), 1.66-1.57 (m, 4H), 1.23 (m, 20H);
 13
C NMR (75 MHz, CDCl3) 
 173.3, 166.3, 130.3, 128.6, 90.1, 64.6, 57.5, 34.3, 29.5, 29.5, 29.5, 29.4, 29.4, 29.2, 
29.0, 28.5, 25.8, 24.7; HRMS (ESI, m/z) calcd for (M+Na)
+
 C20H36NaO5: 379.2460, 
found: 379.2460. 
MOM-protected compound (3.57 g, 10 mmol) was added to a solution of 
MgBr2(Et2O) (6.46 g, 25 mmol) in Et2O (50 ml). The mixture was stirred for 2 h at 
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room temperature, and then quenched by water (50 ml). The product was extracted 
with Et2O (30 ml x 2), and dried over Na2SO4, and concentrated under reduced 
pressure. Purification by column chromatography on silica gel using hexane and 
EtOAc as eluents gave the carboxylic acid 13 as a white solid in 97 % yield (3.03 g, 
9.7 mmol). m.p. 56-57 
o
C; IR (KBr, cm
-1
) 3105, 2918, 1723, 1699;
 1
H NMR (300 MHz, 
CDCl3)  6.38 (d, J=17.2 Hz, 1H), 6.10 (dd, J=17.2, 10.3 Hz, 1H), 5.79 (d, J=10.3 Hz, 
1H), 4.13 (t, J=6.8 Hz, 2H), 2.33 (t, J=7.3 Hz, 2H), 1.66-1.57 (m, 4H), 1.24 (m, 20H); 
13
C NMR (75 MHz, CDCl3)  179.9, 166.3, 130.4, 128.6, 64.7, 34.0, 29.5, 29.5, 29.5, 
29.4, 29.3, 29.2, 29.2, 29.0, 28.5, 25.8, 24.6; HRMS (ESI, m/z) calcd for (M+Na)
+
 
C18H32NaO4: 335.2198, found: 335.2198. 
17-acryloxylheptadecanoic acid (15): white solid, m.p. 64-65 
o
C; IR (KBr, cm
-1
) 
3103, 2920, 1724, 1699;
 1
H NMR (300 MHz, CDCl3) 6.39 (d, J=17.2 Hz, 1H), 6.11 
(dd, J=17.2, 10.3 Hz, 1H), 5.80 (d, J=10.3 Hz, 1H), 4.14 (t, J=6.8 Hz, 2H), 2.35 (t, 
J=7.3 Hz, 2H), 1.68-1.58 (m, 4H), 1.25 (m, 24H); 
13
C NMR (75 MHz, CDCl3) 179.5, 
166.3, 130.4, 128.6, 64.7, 33.9, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.2, 29.2, 29.0, 28.5, 
25.9, 24.6; HRMS (ESI, m/z) calcd for (M+Na)
+
 C20H36NaO4: 363.2511, found: 
363.2511. 
16-acryloxylhexadecanoic acid (18): white solid, m.p. 62-63 
o





H NMR (300 MHz, CDCl3) 6.39 (d, J=17.2 Hz, 1H), 6.11 (dd, 
J=17.2, 10.3 Hz, 1H), 5.80 (d, J=10.3 Hz, 1H), 4.14 (t, J=6.8 Hz, 2H), 2.34 (t, J=7.3 
Hz, 2H), 1.68-1.58 (m, 4H), 1.25 (m, 22H); 
13
C NMR (75 MHz, CDCl3) 180.2, 166.4, 
130.4, 128.6, 64.7, 34.1, 29.6, 29.5, 29.5, 29.5, 29.4, 29.2, 29.0, 28.6, 25.9, 24.6; 
HRMS (ESI, m/z) calcd for (M+Na)
+
 C19H34NaO4: 349.2355, found: 349.2355. 
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18-acryloxyloctadecanoic acid (20): white solid, m.p. 68 
o





H NMR (300 MHz, CDCl3) 6.38 (d, J=17.2 Hz, 1H), 6.11 (dd, 
J=17.2, 10.3 Hz, 1H), 5.80 (d, J=10.3 Hz, 1H), 4.14 (t, J=6.8 Hz, 2H), 2.34 (t, J=7.3 
Hz, 2H), 1.68-1.58 (m, 4H), 1.24 (m, 26H); 
13
C NMR (75 MHz, CDCl3) 179.0, 166.4, 
130.4, 128.6, 64.7, 33.9, 29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.2, 29.2, 29.0, 28.6, 25.9, 
24.7; HRMS (ESI, m/z) calcd for (M+Na)
+
 C21H38NaO4: 377.2668, found: 377.2668. 
Photoreaction of carboxylic acids tethered acrylate ester 
 An aqueous solution (CH3CN 360 ml, H2O 40 ml) of carboxylic acid 13 (125 mg, 1 
mM), NaOH (16 mg, 1 mM), Phen (1.43 g, 20 mM), and DCB (1.28 g, 20 mM) in 
Pyrex vessels (18 mm x 180 mm) was purged with argon for 10 min. The mixture was 
irradiated with 100–W high-pressure mercury lamp for 6 h. Then CH3CN was removed 
under reduced pressure, and the resulting aqueous solution was extracted with EtOAc, 
dried over MgSO4, and concentrated under reduced pressure. Purification by silica gel 
column chromatography using hexane and EtOAc as eluents gave macrocyclic lactone 





) 2925, 1734; 
1
H NMR (300 MHz, CDCl3) 4.10 (t, J=6.3 Hz, 2H), 2.31 (t, 
J=7.1 Hz, 2H), 1.65-1.60 (m, 4H), 1.24 (m, 20H); 
13
C NMR (75 MHz, CDCl3)  173.9, 




Oxacycloeicosan-2-one (16): Compound 16 has been previously reported [7]. 
colorless oil, IR (neat, cm
-1
) 2925, 1734; 
1
H NMR (300 MHz, CDCl3)  4.09 (t, J=6.2 
Hz, 2H), 2.30 (t, J=7.1 Hz, 2H), 1.64-1.59 (m, 4H), 1.29 (m, 24H); 
13
C NMR (75 MHz, 
CDCl3)  173.9, 64.2, 34.6, 28.5, 28.5, 28.4, 28.4, 28.4, 28.2, 28.0, 27.8, 27.8, 27.5, 
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27.3, 27.2, 27.1, 27.0, 25.7, 25.0; GC-MS m/z 296 (M
+
). 
Oxacyclononadecan-2-one (19): Compound 19 has been previously reported [4b]. 
colorless oil, IR (neat, cm
-1
) 2925, 1734; 
1
H NMR (300 MHz, CDCl3) .11 (t, J=6.3 
Hz, 2H), 2.31 (t, J=7.1 Hz, 2H), 1.67-1.60 (m, 4H), 1.30 (m, 22H); 
13
C NMR (75 MHz, 
CDCl3) 174.1, 64.3, 34.6, 28.7, 28.6, 28.6, 28.5, 28.5, 28.3, 27.7, 27.7, 27.6, 27.5, 
27.5, 27.4, 26.7, 25.8, 25.0; GC-MS m/z 282 (M
+
). 
Oxacycloheneicosan-2-one (21): Compound 21 has been previously reported [2d]. 
colorless oil, IR (neat, cm
-1
) 2925, 1734; 
1
H NMR (300 MHz, CDCl3)  4.10 (t, J=6.3 
Hz, 2H), 2.30 (t, J=7.1 Hz, 2H), 1.66-1.58 (m, 4H), 1.29 (m, 26H); 
13
C NMR (75 MHz, 
CDCl3) 174.0, 64.3, 34.6, 28.9, 28.8, 28.7, 28.6, 28.6, 28.3, 28.3, 28.2, 27.8, 27.7, 
27.7, 27.6, 27.5, 25.9, 25.0; GC-MS m/z 310 (M
+
). 
3.4.3. General procedure for synthesis of macrocyclic lactams by route involving 
PET-promoted cyclization  
Preparation of methyl 15-hydroxypentadecanate (22) 
 Pentadecalactone 11 (4.81 g, 20 mmol) was added to a solution of KOH (1.68 g, 30 
mmol) in EtOH (80 ml), and the mixture was refluxed for 2 h. After removal of solvent 
in vacuo, the residue was added by hexane and filtered. The filtrate was dried in vacuo 
to give the ring-opening potassium carboxylate as a white solid in a quantitative yield.  
Methyl iodide (6.2 ml, 100 mmol) and sodium bicarbonate (3.36 g, 40 mmol) were 
added to a solution of the potassium carboxylate (5.92 g, 20 mmol) in DMF (200 ml) at 
0 
o
C under argon atmosphere. After stirring at room temperature for 12 h, the mixture 
was quenched by water (100 ml), and the product was extracted with EtOAc (50 ml x 
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3). The combined organic layer was dried over MgSO4, and concentrated under 
reduced pressure. Purification by column chromatography on silica gel using hexane 
and EtOAc as eluents gave 22 as a white solid in 94 % yield (5.12 g, 18.8mmol). m.p. 
52 
o
C; IR (KBr, cm
-1
) 3291, 2918, 2849, 1741; 
1
H NMR (500 MHz, CDCl3)  3.66 (s, 
3H), 3.65-3.60 (m, 2H), 2.30 (t, J=7.6 Hz, 2H), 1.62-1.55 (m, 4H), 1.25 (m, 20H).
 13
C 
NMR (125 MHz, CDCl3)  174.4, 63.0, 51.4, 34.2, 34.1, 32.8, 29.7, 29.6, 29.6, 29.5, 
29.5, 29.4, 29.3, 29.3, 29.2, 25.8, 25.1, 25.0; HRMS (ESI, m/z) calcd for (M+Na)
+
 
C16H32NaO3: 295.2249, found: 295.2249. 
Preparation of methyl 15-aminopentadecanate (23) 
 Methanesulfonyl chloride (1.6 ml, 20 mmol) was added drop-wise to a solution of 
the alcohol 22 (2.72 g, 10 mmol) and Et3N (2.8 ml, 20 mmol) in THF (50 ml) at 0 
o
C 
under argon atmosphere. The mixture was stirred for 12 h at room temperature, and 
quenched by water (50 ml). The product was extracted with EtOAc (30 ml x 3), and 
dried over MgSO4, and concentrated under reduced pressure. Purification by column 
chromatography on silica gel using hexane and EtOAc as eluents gave mesyl ether as a 
white solid in 97 % yield (3.40 g, 9.7 mmol). m.p. 72 
o
C; IR (KBr, cm
-1
) 3017, 2915, 
2848, 1738, 1343, 1175, 986, 948, 856; 
1
H NMR (500 MHz, CDCl3)  4.23 (t, J=6.7 
Hz, 2H), 3.67 (s, 3H), 3.01 (s, 3H), 2.30 (t, J=7.6 Hz, 2H), 1.76-1.72 (m, 2H), 1.62 (m, 
2H), 1.25 (m, 18H).
 13
C NMR (125 MHz, CDCl3)  174.4, 70.2, 51.4, 37.4, 34.1, 29.6, 
29.6, 29.5, 29.4, 29.4, 29.3, 29.1, 29.0, 25.4, 25.0; HRMS (ESI, m/z) calcd for 
(M+Na)
+
 C17H34NaO5S: 373.2025, found: 373.2025. 
Mesyl ether (3.51 g, 10 mmol) and NaN3 (0.85 g, 13 mmol) in DMSO (50 ml) was 
stirred for 12 h at 80 
o
C. After cooling to room temperature, DMSO was removed by 
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distillation under high vacuum with heating (water bath, 60 
o
C). Purification by 
column chromatography on silica gel using hexane and EtOAc as eluents gave azide as 
a colorless oil in 90 % yield (2.68 g, 9.0 mmol). IR (KBr, cm
-1
) 2926, 2854, 2096, 
1742; 
1
H NMR (500 MHz, CDCl3)  3.67 (s, 3H), 3.25 (t, J=7.0 Hz, 2H), 2.30 (t, J=7.6 
Hz, 2H), 1.65-1.57 (m, 4H), 1.25 (m, 20H).
 13
C NMR (125 MHz, CDCl3)  174.3, 51.4, 
34.1, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 28.9, 26.7, 25.0. 
Azide (1.49 g, 5.0 mmol) was added to a solution of PPh3 (1.70 g, 6.5 mmol) in THF 
(50 ml) under argon atmosphere, and the mixture was stirred at room temperature. 
After stirring for 1 day, water (10 ml) was added to the solution, and the mixture was 
stirred for 1 day at room temperature under argon atmosphere. Then 1 % HCl aqueous 
solution (25 ml) was added to the resulting mixture, and THF and H2O were removed 
by distillation under high vacuum with heating (water bath, 40 
o
C). Purification by 
column chromatography on silica gel using CH2Cl2 and MeOH as eluents gave amine 
hydrochloride of 23 as a white solid in 89 % yield (1.37 g, 4.9 mmol). m.p. 163-164 
o
C; IR (KBr, cm
-1
) 3303, 2916, 2849, 2096, 1732, 1655, 1558; 
1
H NMR (500 MHz, 
CDCl3)  8.28 (m, 3H), 3.67 (s, 3H), 2.97 (t, J=7.6 Hz, 2H), 2.30 (t, J=7.6 Hz, 2H), 
1.76 (m, 2H), 1.61 (m, 4H), 1.25 (m, 18H).
 13
C NMR (125 MHz, CDCl3)  174.3, 51.4, 
40.0, 34.1, 29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 27.7, 26.5, 25.0; HRMS (ESI, m/z) 
calcd for (M+H)
+
 C16H34NO2: 272.2590, found: 272.2591. 
Preparation of 15-acrylamidepentadecanoic acid (24) 
 Acryloyl chloride (0.53 ml, 6.5 mmol) was added drop-wise to a solution of amine 
hydrochloride of 23 (1.54 g, 5.0 mmol) and ethyldiisopropylamine (2.4 ml, 15 mmol) 
in CH2Cl2 (40 ml) at 0 
o




C, and quenched by 1 % HCl aqueous solution (50 ml). The product was extracted 
with CH2Cl2 (30 ml x 3), and dried over MgSO4, and concentrated under reduced 
pressure. Purification by column chromatography on silica gel using CH2Cl2 and 
MeOH as eluents gave the acryl amide as a white solid in 93 % yield (1.51 g, 4.65 
mmol). m.p. 80-81 
o
C; IR (KBr, cm
-1
) 3039, 2915, 2850, 1732, 1726; 
1
H NMR (500 
MHz, CDCl3)  6.28 (d, J=15.6 Hz, 1H), 6.08 (dd, J=17.0, 10.5 Hz, 1H), 5.64 (d, 
J=10.3 Hz, 1H), 5.53 (m, 1H), 3.67 (s, 3H), 3.32 (m, 2H), 2.30 (t, J=7.6 Hz, 2H), 1.60 
(m, 2H), 1.53 (m, 2H), 1.25 (m, 20H).
 13
C NMR (125 MHz, CDCl3)  174.4, 165.5, 
131.1, 126.0, 51.4, 39.7, 34.2, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.2, 27.0, 25.0; 
HRMS (ESI, m/z) calcd for (M+Na)
+
 C19H35NNaO3: 348.2515, found: 348.2515. 
Acryl amide (1.63 g, 5.0 mmol) was dissolved in 3M NaOH aqueous solution 
(1,4-dioxane 50 ml, H2O 20 ml). The mixture was stirred overnight at room 
temperature, and neutralized by 10 % HCl aqueous solution. The mixture was 
evaporated, and the residual aqueous phase was extracted with EtOAc (30 ml x 3), and 
dried over MgSO4, and concentrated under reduced pressure. Purification by column 
chromatography on silica gel using CH2Cl2 and MeOH as eluents gave carboxylic acid 





) 3305, 3052, 2920, 2850, 1699, 1654, 1624, 1539, 1474; 
1
H NMR (500 
MHz, CDCl3)  6.27 (d, J=15.6 Hz, 1H), 6.08 (dd, J=17.1, 10.4 Hz, 1H), 5.65 (m, 1H), 
5.64 (d, J=10.3 Hz, 1H), 3.33 (m, 2H), 2.35 (t, J=7.5 Hz, 2H), 1.65 (m, 2H), 1.53 (m, 
2H), 1.28 (m, 20H).
 13
C NMR (125 MHz, CDCl3)  178.7, 165.7, 130.9, 126.3, 39.7, 
34.0, 29.6, 29.5, 29.5, 29.3, 29.3, 29.2, 29.0, 26.9, 24.7; HRMS (ESI, m/z) calcd for 
(M+Na)
+
 C18H33NNaO3: 334.2358, found: 334.2358. 
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17-Acrylamideheptadecanoic acid (26): white solid, m.p. 109-110 
o
C; IR (KBr, cm
-1
) 
3305, 3055, 2919, 2850, 1697, 1654, 1623, 1539, 1472; 
1
H NMR (500 MHz, CDCl3)  
6.28 (d, J=15.6 Hz, 1H), 6.08 (dd, J=17.1, 10.3 Hz, 1H), 5.63 (d, J=10.3 Hz, 1H), 5.53 
(m, 1H), 3.33 (m, 2H), 2.35 (t, J=7.6 Hz, 2H), 1.64 (m, 2H), 1.54 (m, 2H), 1.28 (m, 
24H).
 13
C NMR (125 MHz, CDCl3)  178.7, 165.7, 130.9, 126.3, 39.7, 34.0, 29.6, 29.4, 
29.3, 29.3, 29.2, 29.0, 26.9, 24.7; HRMS (ESI, m/z) calcd for (M+Na)
+
 C20H37NNaO3: 
362.2671, found: 362.2671. 
Photoreaction of carboxylic acids tethered acryl amide 
 An aqueous solution (CH3CN 360 ml, H2O 40 ml) of carboxylic acid 24 (125 mg, 1 
mM), NaOH (16 mg, 1 mM), Phen (1.43 g, 20 mM), and DCB (1.28 g, 20 mM) in 
Pyrex vessels (18 mm x 180 mm) was purged with argon for 10 min. The mixture was 
irradiated with 100–W high-pressure mercury lamp for 6 h. Then CH3CN was removed 
under reduced pressure, and the resulting aqueous solution was extracted with EtOAc, 
dried over MgSO4, and concentrated under reduced pressure. Purification by silica gel 
column chromatography using hexane and EtOAc as eluents gave macrocyclic lactam 
25 as a white solid in 78 % yield (80.2 mg, 0.3 mmol). m.p. 118 
o
C; IR (KBr, cm
-1
) 
3308, 2929, 2851, 1646, 1559, 1459, 722; 
1
H NMR (500 MHz, CDCl3)  5.65 (m, 1H), 
3.30 (m, 2H), 2.16 (t, J=6.8 Hz, 2H), 1.64 (m, 2H), 1.50 (m, 2H), 1.25 (m, 20H).
 13
C 
NMR (125 MHz, CDCl3)  173.1, 39.2, 37.0, 29.4, 29.0, 28.8, 28.8, 28.6, 28.5, 28.3, 
28.1, 28.0, 27.9, 27.4, 27.3, 27.1, 27.1, 26.4, 25.9; HRMS (ESI, m/z) calcd for 
(M+Na)
+
 C17H33NNaO: 290.2460, found: 290.2460. 
Azacycloeicosan-2-one (27): white solid, m.p. 101 
o
C; IR (KBr, cm
-1
) 3305, 2932, 
2851, 1646, 1559, 1460, 724; 
1
H NMR (500 MHz, CDCl3)  5.41 (m, 1H), 3.29 (m, 
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2H), 2.17 (t, J=6.7 Hz, 2H), 1.64 (m, 2H), 1.50 (m, 2H), 1.25 (m, 24H).
 13
C NMR (125 
MHz, CDCl3)  173.1, 39.2, 37.0, 29.4, 28.8, 28.8, 28.6, 28.5, 28.3, 28.1, 28.0, 27.9, 
27.9, 27.4, 27.3, 27.1, 27.1, 26.4, 25.9; HRMS (ESI, m/z) calcd for (M+Na)
+
 
C19H37NNaO: 318.2773, found: 318.2773. 
3.4.4. General procedure for synthesis of macrocyclic ketones by route involving 
PET-promoted cyclization  
Preparation of methoxymethyl 15-hydroxy-heptadec-16-enate (28) 
 Alcohol 12 (1.51 g, 5.0 mmol) was added to a solution of pyridium chlorochromate 
(PCC, 1.51 g, 7 mmol) in CH2Cl2 (20 ml) at 0 
o
C under argon atmosphere. The mixture 
was stirred for 4 h at 0 
o
C, and diluted with CH2Cl2, and decanted off at three times. 
The resulting solution was concentrated under reduced pressure. Purification by silica 
gel column chromatography on silica gel using hexane and EtOAc as eluents gave 
aldehyde as a white solid in 87 % yield (1.31 g, 4.35 mmol). m.p. 58-59 
o
C; IR (KBr, 
cm
-1
) 2913, 2849, 1738; 
1
H NMR (500 MHz, CDCl3)  9.77 (s, 1H), 5.23 (s, 2H), 3.47 
(s, 3H), 2.43 (t, J=7.1 Hz, 2H), 2.36 (t, J=7.5 Hz, 2H), 1.63 (m, 4H), 1.26 (m, 18H).
 
13
C NMR (125 MHz, CDCl3)  202.9, 173.4, 90.1, 57.5, 43.9, 34.3, 29.5, 29.5, 29.4, 
29.4, 29.3, 29.2, 29.1, 24.8, 22.1; HRMS (ESI, m/z) calcd for (M+Na)
+
 C17H32NaO4: 
323.2198, found: 323.2199. 
Vinylmagnesium bromide (6.5 ml, 1 M in THF solution) was added drop-wise to a 
solution of aldehyde (1.51 g, 5.0 mmol) in THF (50 ml) at 0 
o
C under argon 
atmosphere. The mixture was stirred for 2 h at 0 
o
C, and quenched by sat. NH4Cl 
aqueous solution (50 ml). The product was extracted with EtOAc (30 ml x 3), and 
dried over MgSO4, and concentrated under reduced pressure. Purification by column 
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chromatography on silica gel using hexane and EtOAc as eluents gave allyl alcolol 28 
as a white solid in 75 % yield (1.23 g, 3.75 mmol). m.p. 33 
o
C; IR (KBr, cm
-1
) 3447, 
2931, 2853, 1747, 1646, 1466; 
1
H NMR (500 MHz, CDCl3)  5.93-5.82 (m, 1H), 5.24 
(s, 2H), 5.22 (d, J=17.2 Hz, 1H), 5.10 (d, J=10.3 Hz, 1H), 4.09 (m, 1H), 3.46 (s, 3H), 
2.35 (t, J=7.3 Hz, 2H), 1.67-1.47 (m, 4H), 1.25 (m, 20H).
 13
C NMR (125 MHz, CDCl3) 
 173.4, 141.4, 114.5, 90.2, 73.3, 57.5, 37.1, 34.4, 29.6, 29.6, 29.6, 29.4, 29.3, 29.1, 
25.3, 25.0, 24.8; HRMS (ESI, m/z) calcd for (M+Na)
+
 C19H36NaO4: 351.2511, found: 
351.2511. 
Preparation of 15-oxo-heptadec-16-enoic acid (29) 
 Alcohol 28 (0.66 g, 2.0 mmol) was added to a solution of PCC (1.51 g, 7 mmol) in 
CH2Cl2 (5 ml) at 0 
o
C under argon atmosphere. The mixture was stirred for 4 h at 0 
o
C, 
and diluted with CH2Cl2, and decanted off at three times. The resulting solution was 
concentrated under reduced pressure.  Purification by silica gel column 
chromatography using hexane and EtOAc as eluents gave ,-unsaturated ketone as a 
white solid in 70 % yield (0.46 g, 1.40 mmol). m.p. 42-43
 o
C; IR (KBr, cm
-1
) 2926, 
2854, 1743, 1712; 
1
H NMR (500 MHz, CDCl3)  6.36 (dd, J=17.7, 10.3 Hz, 1H), 6.21 
(d, J=17.6 Hz, 1H), 5.81 (d, J=10.3 Hz, 1H), 5.23 (s, 2H), 3.46 (s, 3H), 2.58 (t, J=7.3 
Hz, 2H), 2.35 (t, J=7.5 Hz, 2H), 1.67-1.58 (m, 4H), 1.25 (m, 18H).
 13
C NMR (125 
MHz, CDCl3)  201.0, 173.3, 136.5, 127.7, 90.1, 57.4, 39.6, 34.2, 29.5, 29.4, 29.3, 
29.3, 29.2, 29.0, 24.7, 23.9; HRMS (ESI, m/z) calcd for (M+Na)
+
 C19H34NaO4: 
349.2355, found: 349.2354. 
,-Unsaturated ketone (0.33 g, 1.0 mmol) was added to a solution of MgBr2(EtO2) 
(0.65 g, 2.5 mmol) in EtO2 (50 ml). The mixture was stirred for 2 h at room 
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temperature, and quenched by water (50 ml). The product was extracted with EtOAc 
(30 ml x 3), and dried over MgSO4, and concentrated under reduced pressure. 
Purification by column chromatography on silica gel using hexane and EtOAc as 
eluents gave carboxylic acid 29 as a white solid in 97 % yield (0.28 g, 0.97 mmol). m.p. 
63-64 
o
C; IR (KBr, cm
-1
) 3049, 2912, 2850, 1712, 1696, 1472; 
1
H NMR (500 MHz, 
CDCl3)  6.36 (dd, J=17.6, 10.3 Hz, 1H), 6.21 (d, J=17.6 Hz, 1H), 5.82 (d, J=10.3 Hz, 
1H), 2.58 (t, J=7.3 Hz, 2H), 2.35 (t, J=7.3 Hz, 2H), 1.61 (m, 4H), 1.26 (m, 18H).
 13
C 
NMR (125 MHz, CDCl3)  201.2, 179.5, 136.6, 127.9, 39.7, 34.0, 29.5, 29.4, 29.4, 
29.2, 29.2, 29.0, 24.7, 24.0; HRMS (ESI, m/z) calcd for (M+Na)
+
 C17H30NaO3: 
305.2093, found: 305.2093. 
17-Oxo-nonadec-18-enoic acid (31): white solid, m.p. 70-71 
o
C; IR (KBr, cm
-1
) 3075, 
2912, 2852, 1716, 1695, 1471; 
1
H NMR (500 MHz, CDCl3)  6.35 (dd, J=17.6, 10.3 
Hz, 1H), 6.22 (d, J=17.6 Hz, 1H), 5.81 (d, J=10.3 Hz, 1H), 2.58 (t, J=7.3 Hz, 2H), 2.35 
(t, J=7.3 Hz, 2H), 1.62 (m, 4H), 1.26 (m, 22H).
 13
C NMR (125 MHz, CDCl3)  201.3, 
179.8, 136.6, 127.9, 39.6, 34.0, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.2, 29.1, 29.0, 
24.6, 24.0; HRMS (ESI, m/z) calcd for (M+Na)
+
 C19H34NaO3: 333.2406, found: 
333.2406. 
Photoreaction of carboxylic acids tethered ,-unsaturated ketone 
 An aqueous solution (CH3CN 360 ml, H2O 40 ml) of carboxylic acid 29 (113 mg, 1 
mM), NaOH (16 mg, 1 mM), biphenyl (1.43 g, 20 mM), and DCN (1.43 g, 20 mM) in 
Pyrex vessels (18 mm x 180 mm) was purged with argon for 10 min. The mixture was 
irradiated with 100–W high-pressure mercury lamp for 6 h. Then CH3CN was removed 
under reduced pressure, and the resulting aqueous solution was extracted with EtOAc, 
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dried over MgSO4, and concentrated under reduced pressure. Purification by silica gel 
column chromatography using hexane and EtOAc as eluents gave macrocyclic ketone 
30 as a colorless oil in 83 % yield (95.4 mg, 0.33 mmol). Compound 30 has been 
previously reported [2d]. IR (neat, cm
-1
) 2927, 2856, 1714; 
1
H NMR (500 MHz, 
CDCl3)  2.41 (t, J=6.7 Hz, 4H), 1.64-1.61 (m, 4H), 1.30 (m, 22H).
 13
C NMR (125 
MHz, CDCl3)  212.5, 42.0, 27.6, 27.2, 27.0, 26.5, 26.5, 23.4; GC-MS m/z 239 (M
+
). 
Cyclooctadecanone (32): Compound 32 has been previously reported [4a]. colorless 
oil, IR (neat, cm
-1
) 2925, 2854, 1714; 
1
H NMR (500 MHz, CDCl3)  2.41 (t, J=6.8 Hz, 
4H), 1.64-1.61 (m, 4H), 1.31 (m, 26H).
 13
C NMR (125 MHz, CDCl3)  212.2, 42.3, 
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PET-promoted decarboxylative intermolecular radical addition of 
carboxylic acids to a glyoxylic oxime  
 
4.1. Introduction 
In the previous chapters, the author deacribed inter- and intramolecular additions of 
alkyl radicals, generated via decarboxylation of free and tethered carboxylic acids 
promoted by PET, to electron-deficient alkenes. In this chapter, the author will discuss 
about PET-promoted intermolecular radical addition of carboxylic acids to glyoxylic 
oxime. 
Radical addition to glyoxylic oximes is attracting attention as a synthetic method for 
the preparation of -amino acid derivatives [1]. In this method, metals such as Et3B, In, 
and Zn are used to increase the reactivity of oximes by the coordination of the C=N 
bond and radical generation from an alkyl iodide (Scheme 18). However, less toxic and 

















We tried to investigate radical addition to a glyoxylic oxime by using the 
photoreaction. The use of a carboxylic acid both as a Brnsted acid for increasing the 
reactivity of the oxime and as a radical source is attracting interest because of its ready 
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availability and less toxicity as compared to metal and alkyl iodides. 
4.2. Results and Discussion 
4.2.1. Intermolecular radical addition of carboxylic acids to glyoxylic oxime ether 
via photochemical decarboxylation 
Initially, decarboxylative addition of carboxylic acid 37 to glyoxylic oxime ether 38 
was examined, as shown in Table 10. Excitation of aqueous acetonitrile solution 
(CH3CN/H2O = 9:1) containing phenanthrene (Phen, 20 mM), 1,4-dicyanobenzene 
(1,4-DCB, 20 mM), cyclohexanoic acid 37a (20 mM), and 38 (20 mM) with a 100-W 
high-pressure mercury lamp through a Pyrex filter (>280 nm) under an argon 
atmosphere for 6 h at room temperature afforded 39a in 45% yield along with the 
recovery of Phen and 1,4-DCB (>90%) (Entry 1, Table 10). In contrast to previous 
results obtained with alkenes, the addition of one equivalent of NaOH to this solution 
prevented the photoreaction, and the formation of 39a was not observed at all. This 
result indicates that the formation of iminium cation through the protonation of 38 by 
carboxylic acid 37 was essential for the successful completion of the reaction. An 
increase in the concentration of 37 (40 mM) increased the yield of 39 (entries 2, 5, 7, 
and 9); however, the addition of Brnsted acids such as HClO4 and TsOH or Lewis 
acids such as Sc(OSO2CF3)3 decreased the yield of 39. When the solution was 
irradiated in the absence of Phen or 1,4-DCB, photochemical decarboxylation of 37a 
did not occur. Thus, the photoreaction required Phen to act as photosensitizer and 
1,4-DCB to act as electron-acceptor; oxime 38 acted neither as a photosensitizer nor an 
electron-acceptor [2]. The use of other carboxylic acids such as primary alkyl 
carboxylic acid 37b, tertiary alkyl carboxylic acid 37c, and protected gulonic acid 37d 
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instead of 37a also yielded the corresponding adducts 39b–39d in moderate yields 
(entries 3, 4, and 6). 














































Entry Carboxylic acid 37 Yield of 39/%
aThe photoreaction was carried out with Phen (0.8 mmol), 1,4-DCB (0.8 mmol), 37 (0.8
mmol), and 38 (0.8 mmol) in aqueous CH3CN solution (CH3CN, 36 mL; H2O, 4 mL)
using a 100-W high-pressure mercury lamp under argon atmosphere for 6 h.
bThe photoreaction was carried out with Phen (0.8 mmol), 1,4-DCB (0.8 mmol), 37
(1.6 mmol), and 38 (0.8 mmol) in aqueous CH3CN solution (CH3CN, 36 mL; H2O, 4




It is noteworthy that the photoreaction provided the novel -amino acid derivative 
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39d having a sugar skeleton with a slight diastereoselectivity (3:2) under mild 
conditions. On the other hand, cyanoacetic acid, which produces an electron-poor 
radical via photochemical decarboxylation, did not result in the formation of adducts. 
When amino acids such as N-Boc-L-phenylalanine 37e, N-Boc-L-valine 37f, and 
N-Boc-L-proline 37g were subjected to photoreaction, ,-amino acid derivatives 
39e–g were also obtained in moderate yields as a diastereoisomer mixture (entries 
5-13). Thus, a variety of unique -amino acid derivatives could be directly prepared 
from carboxylic acid 37 and oxime  
Next, we examined photodecarboxylative addition of N-Boc glyoxylic imine 40 
(Scheme 19). Photoreaction of 37a or 37e with 40 under the same conditions provided 
4-alkyl-1-cyanobenzene 41a,e (30, 27%) via a substitution of 1,4-DCB, respectively. 
No formation of the adduct with 40 indicates that the lower basicity of 40 than that of 
38 prevented the formation of the iminium cation of 40, and the generated radical via 
















4.2.3 Plausible Mechanism 
Scheme 20 shows a plausible mechanism for this photoreaction. First, protonation of 
38 by 37 led to the formation of iminium cation 42 and a carboxylate ion. 
Decarboxylation of the carboxylate ion with the photogenerated radical cation of Phen 
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produced the radical 43. The addition of the radical 43 to 42 produced the radical 
cation 44. Subsequently, electron transfer between 44 and the radical anion of 1,4-DCB 






























In conclusion, we found that carboxylic acid 37 served both as a Brnsted acid and a 
radical source in this photoreaction, and the generated radical underwent addition to 
oxime 38. The photoreaction proceeded smoothly under very mild conditions without 
any metal catalysts and allowed the direct preparation of -substituted -amino acid 








4.4. Experimental Section 
4.4.1. General 




C NMR was recorded on 
JEOL JNM-AL500 (500 and 125 MHz) spectrometers and for solutions in CDCl3 
containing tetramethylsilane as an internal standard. High resolution mass spectra 
(HRMS) were obtained on JEOL JMS-700T. The light source was Riko UV-100HA 
100-W high-pressure mercury arc. 
 
4.4.2. General Procedure for Photoreaction 
 An aqueous CH3CN solution (CH3CN 36 ml, H2O 4 ml) of carboxylic acid 37 (0.8 
mmol, 20 mM), oxime 38 (0.8 mmol, 20 mM), phenanthrene (Phen, 0.8 mmol, 20 
mM) and 1,4-dicyanobenzene (DCB, 0.8 mmol, 20 mM) in two Pyrex vessels (18 mm 
x 180 mm) was purged with argon for 10 min. The mixture was irradiated with a 
100-W high-pressure mercury lamp for 6 h. Then the solvent was evaporated, and the 
resulting residue was dissolved in EtOAc, dried over Na2SO4, and concentrated under 
reduced pressure to yield the adduct 39. These products were isolated by column 
chromatography on silica gel using hexane and EtOAc as eluents and by preparative 






4.4.3. Characterization Data 
 BnOHN CO2CH3  39a: IR (KBr, cm
-1
) 3267, 2922-2853, 1739; 
1
H NMR (500 MHz, 
CDCl3)  -7.27 (m, 5H), 5.98 (s (br), 0.8H), 4.66 (s, 2H), 3.74 (s, 3H), 3.40 (d, 
J=7.0 Hz, 1H), 1.79-1.60 (m, 4H), 1.48-1.41 (m, 2H), 1.19-1.07 (m, 4H), 0.98-0.91 (m, 
1H); 
13
C NMR (125 MHz, CDCl3) 
38.6, 29.8, 29.6, 26.1, 26.0, 25.9; HRMS (FAB) calcd for (M+H)
+
 C16H24NO3: 
278.1757, found: 278.1767. 
 
 BnOHN CO2CH3  39b: IR (KBr, cm
-1
) 3269, 2952-2856, 1740; 
1
H NMR (500 MHz, 
CDCl3) 7.37-7.27 (m, 5H), 4.68 (s, 2H), 3.74 (s, 3H), 3.58 (t, J=7.0 Hz, 1H), 
1.55-1.20 (m, 8H), 0.86 (t, J=7.0 Hz, 3H); 
13
C NMR (125 MHz, CDCl3) 
128.5, 128.3, 127.7, 76.1, 63.7, 51.9, 31.5, 29.6, 25.6, 22.3, 13.9; HRMS (FAB) calcd 
for (M+H)
+
 C15H24NO3: 266.1757, found: 266. 1721. 
 
BnOHN CO2CH3   39c: IR (KBr, cm
-1
) 3278, 2957, 1735; 
1
H NMR (500 MHz, CDCl3) 
7.33-7.27 (m, 5H), 6.06 (s (br), 0.8H), 4.62 (s, 2H), 3.70 (s, 3H), 3.29 (s, 1H), 0.88 (s, 
13
C NMR (125 MHz, CDCl3) 
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32.9, 26.9; HRMS (FAB) calcd for (M+H)
+







 39d (diastereoisomer mixture): IR (KBr, cm
-1
) 3278, 2989-2925, 
1740; 
1
H NMR (500 MHz, CDCl3)  -7.25 (m, 5H), 6.46 (d, J=7.3 Hz, 0.3H), 6.23 
(d, J=7.3 Hz, 0.6H), 4.79-4.72 (m, 1H), 4.69 (s, 1H), 4.58 (s, 0.4H), 4.53 (s, 0.6H), 
4.24 (d, J=13.4 Hz, 1H), 4.09-3.91 (m, 4H), 3.80 and 3.79 (s and s, 3H), 1.44 and 1.43 
(s and s, 3H), 1.41 and 1.40 (s and s, 3H), 1.36 and 1.35 (s and s, 3H), 1.29 and 1.26 (s 
and s, 3H); 
13
C NMR (125 MHz, CDCl3) 
127.7, 113.1, 112.4, 111.9, 97.4, 97.3, 86.6, 85.6, 76.3, 76.1, 73.2, 72.9, 72.8, 68.8, 
66.2, 60.1, 60.0, 52.2, 28.7, 28.5, 27.6, 27.3, 26.3, 19.0, 18.7; HRMS (FAB) calcd for 
(M+H)
+




  39e (diastereoisomer mixture): IR (KBr, cm
-1
) 3333, 3311, 3251, 
2984-2870, 1749, 1676; 
1
H NMR (500 MHz, CDCl3)  -7.27 (m, 5H), 4.70-4.64 
(m, 2H), 4.38 (d (br), J=9.7 Hz, 0.43H), 3.80-3.62 (m, 4.55H), 1.76-1.66 (m, 1H), 
1.47-1.37 (m, 9H), 0.93-
13
C NMR (125 MHz, CDCl3) 173.0, 155.5, 
137.6, 128.6, 128.3, 127.8, 79.3, 76.2, 76.1, 65.1, 64.3, 57.0, 55.1, 52.3, 52.0, 30.4, 
30.3, 28.3, 19.9, 19.8, 18.8, 17.7; HRMS (FAB) calcd for (M+H)
+
 C19H31N2O5: 








 39f (diastereoisomer mixture): IR (KBr, cm
-1
) 3370, 3269, 3031-2856, 
1731, 1680; 
1
H NMR (500 MHz, CDCl3)  -7.12 (m, 10H), 6.24 (s (br), 1H), 
4.87-4.60 (m, 3H), 4.31-4.17 (m, 1H), 3.80-3.60 (m, 4H), 2.87-2.69 (m, 2H), 1.37-1.32 
13
C NMR (125 MHz, CDCl3) 172.3, 154.9, 137.4, 137.0, 129.3, 129.2, 
128.5, 128.4, 128.2, 127.9, 126.5, 79.4, 76.1, 76.0, 65.4, 64.3, 52.2, 52.1, 51.4, 38.5, 







 39g (diastereoisomer mixture): IR (KBr, cm
-1
) 3246, 2975, 1740, 1689; 
1
H NMR (500 MHz, CDCl3)  -7.27 (m, 5H), 4.68-4.61 (m, 2H), 4.13-3.68 (m, 5H), 
3.45-3.12 (m, 2H), 1.89-1.73 (m, 4H), 1.46-
13
C NMR (125 MHz, 
CDCl3) 
57.0, 52.2, 46.8, 28.4, 28.1, 24.1, 23.8, 23.3; HRMS (FAB) calcd for (M+H)
+
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The author has clarified that the photochemical decarboxylation of free aliphatic 
carboxylic acids by PET reaction is usuful synthetic method. The photoreaction 
provides C-C bond formation by inter- and intramolecular radical addition of 













































X = O, n = 11
X = NH, n = 11
























Initiallty, PET-promoted decarboxylative intermolecular radical addition of N-Boc 
-amino acids to electron-deficient alkenes was studied (eq. 1). An aqueous 
acetonitrile solution containing arene, electron acceptor, electron-deficient alkene, and 
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N-Boc -amino acid was irradiated to yield adduct in a high yield. The auther found 
that several solvents, electron acceptors, and arenes could be used in photochemical 
decarboxylation.  
Next, decarboxylative radical addition of N-Boc amino acids to acrylonitrile only 
using 1,4-dicyanonaphthalene (1,4-DCN) via PET was studied (eq. 1). Use of 1,4-DCN 
as only photosensitizer yielded adduct in a high yield. Moreover, the photoreaction in 
the presence of a catalytic amount of 1,4-DCN was achieved. 
Based on results described above, the PET-promoted intramolecular radical 
cyclization of carboxylic acid tethered -unsaturated carbonyl group was 
investigated (eq. 2). The photoreaction gave macrocyclic lactones, lactams, and 
ketones in high yields, and the desired ring sizes of macrocyclic lactone, lactam, 
ketone can be prepared in repetition of this method. 
Finally, PET-promoted decarboxylative intermolecular radical addition of carboxylic 
acids to glyoxylic oxime ether was studied (eq. 3). An aqueous acetonitrile solution 
containing glyoxylic oxime ether and carboxylic acid was irradiated to yield adduct in 
a high yield. The decarboxylative addition of carboxylate ions to glyoxylic oxime ether 
is proven to be useful in the synthesis of -substituted -amino acid derivatives. 
Thus, in this study, the author demonstrated synthetic utility of the C-C bond 
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